The envelope protein E (formerly designated V3) of the flavivirus Kunjin was not labelled with radioactive galactose, mannose or glucosamine during virus growth in Vero cells. On electrophoresis through polyacrylamide gels containing SDS, the envelope (E) protein migrated more rapidly than related intracellular virus-specified glycoproteins. Furthermore, E had a density in CsC1 solution consistent with that of a protein lacking carbohydrate, and did not bind to concanavalin A-agarose. In contrast, the envelope glycoprotein of Murray Valley encephalitis virus (MVEV) did bind to concanavalin A under similar conditions and was readily labelled with radioactive mannose. These results suggested that the E protein of Kunjin virus was not glycosylated, a feature not shared with MVEV and West Nile virus (WNV), whose properties were consistent with the presence of oligosaccharides attached to the envelope proteins. When Kunjin virions were labelled with radioactive glucosamine, the label was contained in GP19 (formerly NV2). The glycopeptides derived by Pronase digestion of GP19 from Kunjin virions were larger than those derived from GP 19 obtained from infected cells.
INTRODUCTION
Cells infected by flaviviruses release virions and also may release more slowly sedimenting haemagglutinating particles which lack RNA (Stollar, 1969; Cardiff et al., 1971; Westaway, 1975; Boulton & Westaway, 1976) . Envelope protein (E) and a membrane-like protein (M) are found in both virions and slowly sedimenting haemagglutinating particles, core protein (C) is found only in virions, and a fourth polypeptide, a glycoprotein (GP 19), is detected both in slowly sedimenting haemagglutinating particles and under some conditions in virions (Stollar, 1969; Shapiro et al., 1971; Trent & Qureshi, 1971; Shapiro et al., 1972; Westaway, 1973 Westaway, , 1975 Boulton & Westaway, 1976) . We are currently investigating the synthesis of Kunjin virus-specified glycoproteins in infected cells, and comparing the properties of E and GPI9 from virions and slowly sedimenting haemagglutinating particles with those of their likely precursors in infected cells (Wright et al., 1980 (Wright et al., , 1981 . During these studies it became clear that the E protein of Kunjin virus, a member of the mosquito-borne West Nile virus (WNV)-Murray Valley encephalitis virus (MVEV) subgroup in the flavivirus genus (Porterfield, 1980; Westaway, 1966) , may not be glycosylated. The E proteins of several flaviviruses, e.g. dengue type 2 (Stollar, 1969; Shapiro et al., 1972) , Japanese encephalitis (JE) (Shapiro et al., 1973) , Saint Louis encephalitis (SLE) (Qureshi & Trent, 1973) and Kunjin (Boulton & Westaway, 1976; Westaway & Shew, 1977) have been reported to be glycosylated, usually on the basis of their incorporation of radioactive carbohydrates into the envelope protein. However, the possibility that the radioactive label in the carbohydrate may have been incorporated into proteins and 0022-1317/82/0000-4838 $02.00 © 1982 SGM Purification of radioactively labelled viruses. Both radioactively labelled and unlabelled virions were purified by precipitation from cell culture fluid with polyethylene glycol (PEG) followed by sedimentation through 5 to 25 % (w/v) sucrose gradients (Westaway, 1975) . To label Kunjin virus, MVEV and WNV with radioactive methionine, leucine or carbohydrate, the culture fluid was replaced at 7 h post-infection (and later at 30 h) with labelling medium. Culture fluid harvested at 30 h and 48 h was retained as the starting material for virus purification. Labelling medium was MEM containing one-tenth the normal concentration of methionine, leucine or glucose, with added radioactive precursor at 10 to 20 aCi/ml. In growing dengue type 2 virus, all procedures were 24 h later, while SFV-infected cells were labelled from the time of infection in normal MEM and the culture fluid was harvested at 20 h. Radiolabelled virus peaks in sucrose gradients were located by counting 25/~l portions of 1 ml fractions. Haemagglutination was assayed using a microtitre method (Westaway, 1975) . Fractions containing virus were centrifuged and the pellet of virus was resuspended in a small volume of 2% SDS.
Preparation of radioactively labelled cells. Veto cells were infected with virus at approx. 30 p.f.u./cell. For Kunjin virus, MVEV and WNV-infected cells, complete MEM was replaced with MEM containing one-hundredth the normal concentration of amino acids (or lacking glucose) and actinomycin D (3 #g/ml) at 24 h after infection. Three h later a tritiated amino acid mixture or [aH]mannose were added to final concentrations of 15 aCi/ml or 50 aCi/ml respectively. Following the time periods specified below, the cells were washed twice with phosphate-buffered saline and dissolved in 2% SDS. Infected cells were labelled with [35S]methionine in a similar fashion, using MEM containing one-hundredth the normal concentration of methionine. Sindbis virus-infected cells were also treated in a similar manner, except that actinomycin D was present from 15 h after infection and the cells were labelled with [14C]glucosamine (1 aCi/ml) for 8 h from 17 h after infection.
Polyacrylamide gel electrophoresis (PAGE) . Proteins were separated in polyacrylamide gels using a discontinuous buffer system (Laemmli, 1970) . In analytical slab gels, labelled proteins were detected by fluorography (Bonnet & Laskey, 1974) . Glycoproteins for determinations of buoyant density, or for digestion with Pronase or for affinity chromatography, were separated in column gels and eluted into 0.1% SDS.
Iodination of envelope protein and chromatography through Con A-agarose columns.
Sucrose gradient fractions (in 0.1 M-NaCI, 0.012 M-tris, pH 8) containing virus were adjusted to 0.4% SDS and heated at 100 °C for 2 min. The virus was then iodinated with 125I as described previously (Wright & di Mayorca, 1975) and the E protein purified by PAGE. The procedure of Dimmock et al. (1977) for chromatography through Con A-agarose was used.
Iodinated envelope protein was dialysed exhaustively against 0.25 % SDS, 0.14 M-NaCI and 0.1 M-tris, pH 7.5. A 1 ml vol. of glycosylex-A (Miles-Yeda, Rehovot, Israel) was equilibrated in 0.05% SDS, 0.1 M-tris, pH 7.5 (ST buffer) containing 100/~g/ml BSA. The column stood overnight at room temperature after the addition of iodinated protein in approx. 0.3 ml, and was then washed with ST buffer, followed by ST buffer containing 9 % (w/v) a-methyl-D-mannopyranoside. Fractions of approx. 0.3 ml were collected from the time of addition of the sample.
CsCI gradients. Virus glycoproteins in 0.1% SDS were dialysed against 0.01 M-tris, pH 7.4 containing 0.001 ~-EDTA and 0.1% Triton X-100, and volumes of approx. 0.3 ml were layered on CsC1 (0.5 g/ml) dissolved in the same buffer. The sample and CsC1 solution were centrifuged in a Spinco SW56 rotor (35h at 236 000 g at 20 °C). Standard glycoproteins with known proportions of carbohydrate as used by Galehouse & Duesberg (1978) were iodinated with 1251 using chloramine T (Wright & di Mayorca, 1975) and treated with detergents as for the virus glycoproteins. The proteins were chicken ovalbumin (5 × crystallized, Koch-Light Laboratories), ,BSA (A grade, Calbiochem), chicken conalbumin (type 1, Sigma), and chicken ovomucoid (trypsin inhibitor type 111-0, Sigma) containing 3.5 %, 0%, 10% and 20 to 22% carbohydrate respectively (Galehouse & Duesberg, 1978) . The refractive indices of gradient fractions were determined using a hand-held refractometer.
Pronase digestion and molecular sieve chromatography. Glycoproteins in 0.1% SDS or purified virions solubilized in 2 % SDS were dialysed against 0.1 M-tris, pH 8 and digested with Pronase CB (Calbiochem) at 60 °C. Glycopeptides were separated using Bio-Gel P-6 as described previously (Wright et al., 1980) .
Radiochemicals. All radioactive compounds were purchased from Amersham Australia. The 1251 was carrier free and the specific activities of other radiochemicals were as follows: 
Virus growth and virus-specified proteins
Three attempts to label Kunjin virus with [3H]mannose failed, despite production of virus as measured by haemagglutination and infectivity. The results of one such experiment are shown in Fig. 1 (a) . Using the standard methods of this laboratory (Westaway, 1966 (Westaway, , 1975 , 1 haemagglutinating unit (HAU) of either Kunjin virus or WNV corresponded to approx. 6 × 105 plaque-forming units. Two attempts to label Kunjin virus with [3H]galactose also failed, and in nine attempts to label Kunjin virus with [3H]glucosamine only one was successful (see Fig. 5 and 6). In contrast, no difficulty was encountered in successfully labelling WNV (Fig.  1 b) , MVEV, dengue type 2 virus and SFV with [3H]mannose (data not shown). The media and procedures used in all experiments were similar; the timing of steps in the labelling and harvesting of Kunjin virus, WNV and MVEV were identical.
During electrophoresis through polyacrylamide gels, the envelope protein E of Kunjin virus always migrated ahead of gp53(E) found in infected cells (Fig. 2a) . Also readily observed in lane 2 of Fig. 2 (a) were gp59(E) and gp66, which is probably related to E (Wright et al., 1981) . No E-related glycoprotein that co-migrated with E was detected in Kunjin virus-infected cells following very short or long labelling periods with radioactive carbohydrate (Wright et al., 1980 (Wright et al., , 1981 . E and P51(E) (Fig. 2a , lane 3) co-migrated, and share approx. 24 out of 26 [35S]methionine-labelled tryptic peptides .
The glycoproteins specified in infected cells by WNV and MVEV have not been as well characterized as the Kunjin virus glycoproteins. However, the E glycoproteins of these p.J. WRIGHT (Fig. 2b, lane 1) ; similarly, E of M V E V (Fig. 2c , lanes 3, 5) co-migrated with a m a j o r glycoprotein detected in M V E V -i n f e c t e d cells (Fig. 2 c, lanes 1, 2) . 
Binding of envelope protein by Con A-agarose
Following iodination of whole virus, lzSI-labelled E of Kunjin virus and MVEV were separated from other structural proteins by PAGE and then electrophoresed again to confirm their purity (Fig. 3 a) . Each protein was analysed on a Con A-agarose column as described above. The results of a typical experiment are displayed in Fig. 3 . The recovery of radioactivity applied to the column was 82% in Fig. 3 (b) and 84% in Fig. 3 (e) . Material in the first 20 fractions did not bind to the column and flowed through with the wash buffer; 9 % a-methyl-o-mannopyranoside was added to the top of the column as fraction 20 was being eluted and collection of specifically bound material commenced with fraction 24. Thus, no E protein of Kunjin virus bound to Con A-agarose, whereas 48 % of the E protein of MVEV that was recovered did bind and was subsequently eluted by ct-methyl-D-mannopyranoside. In repeat experiments, the maximum binding of E of MVEV observed was 54 %. It is probable that the conditions for binding of E by Con A were not optimal, as SDS reduces the binding efficiency of lectins (Lotan et al., 1977) . An alternative explanation for the incomplete binding of E of MVEV is that some molecules of MVEV E protein were not glycosylated. This is unlikely as there was no difficulty in labelling E of MVEV with [3H]mannose, and E was detected as a relatively sharp band following electrophoresis (Fig. 2 c and 3 a) . Binding of E of Kunjin virus to Con A-agarose was not detected in three experiments.
CsCl gradients
Estimates of the proportions of carbohydrate contained in Kunjin virus gp53(E) labelled with [3H]mannose, in 125I-labelled E protein prepared from iodinated virus, and in [3H]leucine-labelled E protein derived from virus labelled during growth were obtained from their densities in CsC1 solution. The standards used and their proportions of carbohydrate were BSA (0%), ovalbumin (3.5%), conalbumin (10%) and ovomucoid (20 to 22%) (Galehouse & Duesberg, 1978) . The refractive index of the peak fraction in the gradient of each protein was determined. Two gradients were analysed for each protein (with the exception of ovomucoid) and the mean refractive indices were plotted (Fig. 4) . The refractive index of the peak fraction of gp53(E) in both experiments corresponded to a carbohydrate composition of 6 %. The two samples of E yielded refractive indices of 1.3580 (~25I label) and l-3583 ([~H]leucine label) corresponding to 0 % and 0.5 % carbohydrate respectively. All the above results consistently lead to the conclusion that Kunjin virus E protein is not detectably glycosylated, even though labelled carbohydrate was incorporated into E of several other flaviviruses under similar conditions.
GP19 associated with purified virus
The glycoprotein GP 19 has been labelled with radioactive carbohydrate or amino acids and detected in slowly sedimenting haemagglutinating particles and in some preparations of virions (Stollar, 1969; Shapiro et al., 1971; Trent & Qureshi, 1971; Shapiro et al., 1972; Westaway, 1973 Westaway, , 1975 Boulton & Westaway, 1976) . Since the analyses presented in this (Wright et al., 1980) . 35 paper suggested that the E protein of Kunjin virus is not glycosylated, the carbohydrate structure of GP 19 of Kunjin virus was further examined. In one of our attempts to label E of Kunjin virus with [3H]glucosamine, the radiolabel was readily detected in the virions following rate-zonal sedimentation through the 5 to 25 % sucrose gradient. On analysis of these virions by PAGE, the [3H]glucosamine was found in GP19, which co-migrated with GP19 in [3H]mannose-labelled cells (Fig. 5, lanes 3, 4) . Although there was no major band in the analysis of [3~S]methionine-labelled infected cells corresponding to GP 19 of virions (Fig.  5) , our previous analyses of Kunjin virus-specified proteins in 13 % acrylamide gels using a discontinuous buffer system showed that the second fastest moving band in lane 1 is GP19 . Heterogeneity in the migration of GP 19 following electrophoresis and the incorporation of GP19 into virions have been previously reported (Shapiro et al., 1972 (Shapiro et al., , 1973 Boulton & Westaway, 1976; Westaway & Shew, 1977) . The [3H]glucosamine was not converted to labelled amino acid before incorporation into GP 19 of virions, demonstrated by the lack of label in E, C and M proteins in lane 3, Fig. 5 . The difference in migration between P14 (C) and C is also evident in Fig. 5 .
To estimate the size of the oligosaccharide portions of GP19 in virions, [3H]glucosaminelabelled virions (same preparation as in Fig. 5 ) were digested with Pronase and the resulting glycopeptides (Fig. 6a) compared by gel filtration with those of [3H]mannose-labelled SFV (Fig. 6b) , with intracellular GP19 labelled with [3H]glucosamine (Fig. 6c) and with intracellular GPI9 labelled with [3H]mannose (Fig. 6d) . In each column analysis, a [14C]glucosamine-labelled marker glycopeptide ($3, approx. 2700 daltons) prepared from Sindbis virus-infected cells was included, and mol. wt. estimated using the same standards as previously described (Wright et al., 1980) . The mol. wt. ranges of Kunjin virus glycopeptides prepared from intracellular glycoproteins are K1 (3600 to 4200), K2 (2800 to 3100), K3 (2300 to 2500) and K4 (1500 to 1700) (Wright et al., 1980) . The glycopeptides prepared from GP19 after inclusion into virions corresponded to KI and K2 (Fig. 6a) , and were clearly larger than those derived from GP 19 of infected cells (Figs. 6 c, d ). This suggests that there is further modification of the glycopeptide portions of the molecules of GP 19 which are finally incorporated into virions. The overall size distribution of glycopeptides of SFV resembled that of Kunjin virus.
DISCUSSION
Despite the definite role of E as the flavivirus envelope protein, consistent evidence was obtained that E of Kunjin virus was not glycosylated, e.g. the difficulty in labelling E of Kunjin virus with radioactive carbohydrates, its mobility upon electrophoresis, its lack of binding to Con A and its density in CsCI solution. Using [2-3Hlmannose, a radioactive carbohydrate that is not metabolized to other labelled sugars or amino acids (Schwarz et al., 1977) , E proteins of MVEV, WNV, dengue type 2 virus and SFV were readily labelled, whereas E of Kunjin virus was not. Unsuccessful attempts to label Kunjin virus E with [3Hlmannose, but the successful incorporation of some [3H]glucosamine into E, have been reported (Boulton & Westaway, 1976; Westaway & Shew, 1977) . It now seems likely that the radioactivity previously detected in Kunjin virus E following labelling with [3H]glucosamine was in the form of amino acids (Strauss et al., 1970) ; exhaustive digestion of similar material with Pronase produced small molecules that eluted with monosaccharides and amino acids in Bio-Gel P-6 columns identical to those used in Fig. 6 (P. J. Wright, unpublished results) . In addition, '[3H]glucosamine-labelled' E co-migrated on electrophoresis with E containing 14C-labelled mixed amino acids (Westaway & Shew, 1977) and the high ratio of GPI9 to E (NV2 to V3) observed by Boulton & Westaway (1976) in [3H]glucosamine-labelled Kunjin virions probably resulted from the presence of [3Hlglucosamine in GP 19 both as converted amino acids and in its original chemical form. In both the preceeding reports the incorporation of [3H]glucosamine into virions was so low that detection of the two small structural proteins C and M labelled with converted amino acids would not have been possible. Intracellular proteins or glycoproteins which are related to E of Kunjin virus, on the basis of peptide mapping or immunoprecipitation (Wright et al., 1981) are P5 I(E), gp66, gp59(E) and gp53(E) (Fig. 2 ). It appears that gp66 is related to E and is a precursor of gp53(E), although more definitive evidence is needed (Wright et al., 1981) . Which of these proteins, if any, is the immediate precursor of E is presently unknown. It may be that processing by cleavage of the putative precursors gp59(E), gp66 and gp53(E) is vital for production of infectious virus; alternatively, such processing may be irrelevant. If these intracellular glycoproteins are precursors of E, then the above results suggest that all carbohydrate is removed before or during the final maturation of virions. Such a cleavage probably would not depend on the presence of a unique oligosaccharide structure, as there is no evidence for unusual oligosaccharide moieties in flavivirus-specified glycoproteins, e.g. (i) in the intracellular Kunjin virus glycoproteins (Wright et al., 1980 (Wright et al., , 1981 in the E protein of MVEV (closely related antigenically to Kunjin virus), since E of MVEV binds to Con A which is specific for molecules containing Ct-D-mannopyranosyl, tt-D-glucopyranosyl and sterically related carbohydrates.
Experiments showing variability among strains of vesicular stomatitis virus (VSV) in the requirement for glycosylation of the G protein suggested that the high mannose oligosaccharides transferred to glycoproteins during polypeptide elongation are important in the initial polypeptide folding of the glycoproteins (Gibson et al., 1979 (Gibson et al., , 1981 . However, analyses of ts mutants and a pseudorevertant of VSV showed that the carbohydrate requirement for the maturation of G may be eliminated by small alterations in amino acid composition (Chatis & Morrison, 1981) . Thus, for the maturation of E of Kunjin virus there remain two possibilities: (i) in the formation of E protein virtually all carbohydrate is removed from a precursor glycoprotein, or (ii) in the strain of Kunjin virus used in our experiments glycosylation is not necessary for the maturation of E, and that gp66, gp59(E) and gp53(E) are by-products of the inefficient replication of Kunjin virus rather than important precursors.
We have not investigated the properties of Kunjin virus E derived from slowly sedimenting haemagglutinating particles as fully as those of E from virions. Although the proteins from the two sources co-migrate during electrophoresis, the tryptic peptide maps of the [35S]methionine-labelled proteins reveal 23 shared peptides and possibly one further peptide in E of virions . Further experiments are needed to determine whether this difference results from glycosylation and whether carbohydrate is attached to methioninelacking tryptic peptides of E of slowly sedimenting haemagglutinating particles.
The incorporation of [3H]glucosamine into some preparations of virions in the form of GP19 shows the need to analyse individual glycoproteins for carbohydrate content in preparations of flaviviruses, rather than assume that most of the carbohydrate of glycoproteins is attached to the envelope protein. The role of GP19 in virion formation is unclear. Shapiro et al. (1972) originally suggested that GP19 is cleaved to produce M (V1) during virion morphogenesis, but peptide mapping of [35S]methionine-labelled GP19 and M protein did not support this suggested relationship . Considerable heterogeneity in the migration during electrophoresis of GP 19 of several flaviviruses has been reported (Shapiro et al., 1973; Westaway & Shew, 1977) and the results presented in Fig. 5 support these earlier observations. The significant finding presented in Fig. 6 is that glycopeptides derived from GP19 of virions and from GP19 of infected cells differ in size, implying differences in the size of their carbohydrate moieties. The broad band in lane 3 of Fig. 5 suggests further heterogeneity within the GP19 molecules contained in virions. To examine the role of GP19 in morphogenesis, it is necessary to obtain more information on the structure of GP19 from mature virions, intracellular virus, and slowly sedimenting haemagglutinating particles, and on the structure of other intraceUular forms of GP19 not incorporated into discrete particles. It should be noted that incorporation of GP19 into virions does not supplant E as the functional envelope glycoprotein, because preparations of infectious Kunjin virions commonly do not contain any carbohydrate. However, the processing of GPI9 and E must be considered in any studies on the effects in the production of infectious virus by inhibitors of glycosylation or proteolysis because the essential function of GP 19 remains undefined.
It is surprising that the apparent absence of a requirement for glycosylation of the envelope protein of a naturally occurring flavivirus and of some isolates of VSV produces no impairment of functions generally associated with the carbohydrate moiety of envelope glycoproteins, e.g. attachment and recognition of host cell receptors, haemagglutinating activity, and stability and incorporation into membranes of the glycoproteins (Compans & Kemp, 1978) . Clearly, previous analyses of these assumed functions may require re-examination. This work was supported by a grant from the National Health and Medical Research Council of Australia. I thank Dr E. G. Westaway for his interest and advice, and Miss H. Warr for her skilled technical assistance.
